Bacterial adaptive immunity and genome engineering involving the CRISPR (clustered regularly interspaced short palindromic repeats)-associated (Cas) protein Cas9 begin with RNA-guided DNA unwinding to form an RNA-DNA hybrid and a displaced DNA strand inside the protein. The role of this R-loop structure in positioning each DNA strand for cleavage by the two Cas9 nuclease domains is unknown. We determine molecular structures of the catalytically active Streptococcus pyogenes Cas9 R-loop that show the displaced DNA strand located near the RuvC nuclease domain active site. These protein-DNA interactions, in turn, position the HNH nuclease domain adjacent to the target DNA strand cleavage site in a conformation essential for concerted DNA cutting. Cas9 bends the DNA helix by 30°, providing the structural distortion needed for R-loop formation.
B
acteria and archaea defend themselves against infection using adaptive immune systems comprising CRISPR (clustered regularly interspaced short palindromic repeats) loci and their associated cas genes (1) (2) (3) (4) . CRISPR-Cas systems use Cas proteins in complex with small CRISPR RNAs (crRNAs) to identify and cleave complementary target sequences in foreign DNA (5, 6) . A defining feature of type I and type II CRISPR-Cas systems is R-loop formation in which the guide RNA segment of crRNAs invades double-helical DNA to form an RNA-DNA hybrid helix with the target DNA strand while displacing the opposing nontarget strand (7) (8) (9) (10) . In type II CRISPR-Cas systems, the Cas9 endonuclease together with crRNA and a trans-activating crRNA (tracrRNA) or an engineered single-guide RNA (sgRNA), which is widely used in Cas9-based genome engineering, is sufficient to form this R-loop (8, 11) . The R-loop interaction occurs at target DNA sequences bearing guide RNA segment complementarity and a short protospacer adjacent motif (PAM) leading to double-stranded DNA (dsDNA) cleavage 3 base pairs (bp) upstream of the PAM via the HNH and RuvC nuclease domains (11, 12) . Comparison of crystal structures of Cas9 alone (13) , bound to guide RNA (14) , or to a single target strand of DNA (15) (16) (17) revealed substantial conformational rearrangement of Cas9 to form a DNA recognitioncompetent structure. However, in all available structures, the HNH domain active site is more than 30 Å away from the target-strand DNA cleavage site, and the active DNA-bound state of the RuvC domain has not been observed due to the lack of an intact nontarget strand in these complexes.
To determine the structural basis for R-loop formation and concerted DNA cleavage by the two Cas9 endonuclease domains, we solved the 3.4-Å resolution crystal structure of wild-type Streptococcus pyogenes Cas9 bound to sgRNA and a 30-bp target dsDNA containing a canonical 5′-TGG-3′ PAM (11, 18) (Fig. 1, A and B, and table S1). Metal ion chelation prevented DNA cleavage during complex assembly and crystallization. The Cas9-sgRNA-dsDNA ternary complex, representing the cleavage-competent state of the enzyme, has a bi-lobed architecture in which the bound target DNA resides within the central channel between the alpha-helical recognition (REC) and the nuclease (NUC) lobes (Fig. 1, C and  D) . The dsDNA substrate is trapped in an unwound but precleaved state, with the target DNA strand engaged in a pseudo-A-form RNA-DNA hybrid spanning the length of the central protein channel.
The displaced nontarget single-stranded DNA (ssDNA) runs parallel to the RNA-DNA heteroduplex but threads into a tight side tunnel located within the NUC lobe ( Fig. 1D and fig. S1 ). Unambiguous electron density is observed for 9 nucleotides (nt) of nontarget DNA upstream of the PAM (Fig. 2A) . Analysis of crystals containing dsDNA with 5-iododeoxyuridine (5-IdU) in place of three thymidines in the nontarget strand shows two strong peaks of iodine anomalous difference density at the expected positions ( fig. S2 ). Lack of density for the third 5-IdU-substituted nucleotide, located at the 5′ end of the nontarget strand, indicates high mobility of the PAM-distal end of this strand. These crystallographic results are consistent with footprinting data showing that only 9 nt of the PAM-proximal displaced DNA strand are protected from P1 nuclease cleavage (13) .
The ordered nontarget DNA exhibits an extended, distorted helical conformation in which the first nucleotide upstream of the PAM (referred to as position -1) stacks onto the PAM-proximal DNA duplex ( Fig. 2A) . Whereas the target DNA strand kinks at the +1 phosphodiester linkage, as observed previously (16, 17) , the nontarget DNA strand undergoes a sharp kink at the -1 phosphate position. In contrast to the +1 phosphate on the target strand, there are no direct protein contacts to the -1 phosphate on the nontarget strand. Instead, Cas9 makes extensive interactions with the flipped nucleotides at the -2 and -3 positions to stabilize the kinked DNA configuration of the nontarget strand (Fig. 2B) . The nontarget strand kinks again, with the base orientation at -4 twisted bỹ 90°with respect to -3 and stabilized by stacking with two conserved Cas9 residues, Phe 916 and Leu
921
. After position -5, the nontarget DNA strand extrudes laterally through the narrow side tunnel formed by the NUC lobe without many direct protein-DNA interactions.
The observed orientation of the nontarget DNA strand reveals its position in the RuvC catalytic center. The four catalytically essential residues (Asp (Fig. 2C) . RuvC, which employs a carboxylate-chelated twometal-ion cleavage mechanism (13, 15) , adopts the same structure and position as observed in the Mn 2+ -bound apo-Cas9 structure (13) . Notably, the distances between the superimposed metal ions and the nonbridging oxygen of the scissile phosphate (~5.5 Å) are slightly longer than the typical Mg-O coordination distance (2.1 Å). We speculate that binding of divalent cations in the active site may facilitate movement of the scissile phosphate in the nontarget strand toward the bound metal ions for catalysis.
The presence of the nontarget strand induces a more compact (closed) conformation of Cas9, relative to previous ssDNA-or PAM-containing partial duplex-bound structures, in which both the REC and NUC lobes move toward the central nucleic acid-binding channel ( fig. S3 ). This repositioning drives helical domain 2 of the REC lobe, which does not contact the RNA-DNA heteroduplex in previously reported structures (15, 16) , to interact directly with the phosphate backbone in the target DNA strand through residues Ser 267 and Asp 269 ( Fig. 2B and fig. S4 ). Thermal shift assays show that Cas9 exhibits greater stability upon dsDNA substrate binding relative to association with a single target DNA strand or a PAMcontaining partial duplex ( fig. S5 and table S2 ). Together, these observations show how binding to both strands of a dsDNA target coordinates Cas9 conformational changes required for efficient catalysis.
The most prominent Cas9 conformational rearrangement upon dsDNA binding occurs in the position of the HNH nuclease domain, which rotates by~180°and translates by~20 Å toward the RNA-DNA heteroduplex as a rigid body from its location in the PAM-containing partial duplexbound complex (Fig. 3A) . In contrast to previous structures, in which the HNH active site was neither pointed toward nor located near the target DNA strand cleavage site ( fig. S6 ), this rotated HNH position locates the active-site residue His 840 adjacent to the scissile phosphate (Fig. 3B) . The observed structural states of the HNH domain agree with intramolecular Förster resonance energy transfer (FRET) experiments showing that the HNH domain exists in conformational equilibrium between inactive and active states, favoring the active state observed here only upon on-target dsDNA binding (19) . In our present dsDNA-bound structure, the distance between the catalytic residue His 840 and the scissile phosphate is slightly farther apart (~10 Å) than required for catalysis, probably owing to omission of diavalent metal ions during crystallization. Given the high mobility exhibited by the HNH domain, it is reasonable to speculate that introduction of metal ions would drive the HNH active site to the target DNA strand for cleavage (13, 15) . Double-stranded DNA binding induces additional changes in the Cas9 structure that explain both HNH domain repositioning and R-loop stabilization. The two hinge regions connecting the HNH domain with the RuvC domain-L1 (residues 765 to 780) and L2 (residues 906 to 918)-are switched in the dsDNA-bound structure relative to their positions in the PAM-containing partial duplex-bound state (Fig. 3A) . This rearrangement involves local changes in protein secondary structure. L1, which is completely disordered in prior structures, refolds into a wellordered loop and a short a helix and lies between the target DNA strand and the displaced nontarget DNA strand (Fig. 3C) . The refolding of L1 appears to be critical for stabilizing the R-loop structure, owing to multiple contacts made with the RNA-DNA hybrid minor groove and the distal region of the nontarget DNA strand (Fig. 2B) . In contrast, L2 unfolds from its previously observed a helical structure into an extended loop in which many residues, including Phe 916 and Leu
, contact the nontarget DNA strand, thereby directing the scissile phosphate toward the RuvC active center (Fig. 2 , B and C, and Fig. 3B ). This dsDNAinduced unfolding of L2 is reminiscent of conformational changes observed in other protein-DNA complexes, such as the restriction enzyme BamHI-DNA complex (20) and the T7 RNA polymerase elongation complex (21) . The structural rearrangements displayed by L1 and L2 upon dsDNA binding, in concert with the reorientation of the HNH domain, provide direct structural evidence for allostery between the HNH and RuvC nuclease domains through these hinge regions.
To visualize how Cas9 holds both ends of unwound dsDNA within a longer helix, we used cryo-electron microscopy (cryo-EM) to determine the structure of a wild-type S. pyogenes Cas9-sgRNA complex bound to a 40-bp dsDNA (table  S2) . We obtained structures of Cas9-sgRNA (Fig.  4, A and B) and Cas9-sgRNA-dsDNA (Fig. 4C ) at 4.5 Å and 6.0 Å resolution, respectively (figs. S7 to S11). The 4.5-Å structure of Cas9-sgRNA perfectly accommodates the crystal structure of the preorganized Cas9-guide RNA complex (14) . In contrast to the crystal structure, in which the 5′ end of the guide RNA (nucleotides 1 to 10) were disordered, density was visible for the entire 20-nt 5′ end of the guide RNA segment. The 5′ end of the guide lies inside the cavity formed between the HNH and RuvC nuclease domains (Fig. 4B) . In the dsDNA-bound EM structure, the HNH domain and helical domain 2 are observed at lower resolution than the overall structure (~8 to 10 Å), indicating conformational plasticity of these two domains (Fig. 4C) . This is consistent with a recent report showing that the HNH domain populates both active and inactive states (19) . Density for dsDNA is observed on either side of the Cas9 protein complex, revealing a bend angle of~30°in the DNA double helix as it traverses the protein (Fig. 4, C to E) . The PAM-distal end duplex protrudes from the protein between the RNA-DNA heteroduplex and the RuvC nuclease domain. This end of the DNA is held rigidly on opposite sides through contacts with the RuvC and REC-lobe helical domain 3, stabilizing the distortion of the target DNA from a linear helical axis (Fig. 4F) .
The structures of the Cas9-sgRNA-dsDNA complex presented here show how Cas9 holds unwound dsDNA to enable RNA-DNA hybrid formation without requiring an adenosine triphosphatedependent helicase activity. DNA binding at a sequence complementary to the 20-nt guide RNA segment in the Cas9-RNA complex induces protein structural rearrangements that accommodate both the RNA-DNA helix and the displaced nontarget DNA strand. Those protein-nucleic acid interactions in turn direct the nontarget DNA strand into the RuvC domain active site, favoring local conformational changes that position the HNH domain active site near the scissile phosphate of the target DNA strand. Cas9 interacts with both ends of the open DNA helix, conferring a 30°helical bend angle that provides the structural distortion required for R-loop stabilization. Collectively, these findings explain how Cas9, an individual nonpolymerase enzyme able to catalyze R-loop formation, achieves this structural change leading to accurate, precise, and programmable DNA cleavage. Close-up view of the sgRNA (orange) from our sgRNA-bound structure showing that the 5′ end of the guide (nucleotides 1 to 10, red) undergoes a dramatic kink and is buried within a pocket created by the HNH (light green) and RuvC (light blue) nuclease domains of Cas9. The 5′ end of the guide is reorganized upon base pairing with the target strand in the DNA-bound crystal structure presented in Fig. 1 (blue) . (D) R-loop density composed of sgRNA (dark gray) and target DNA (dark blue) and Cas9 (transparent surface), with the HNH domain removed for clarity. (E and F) R-loop density composed of sgRNA (orange) and target DNA (dark blue) with the pseudo-atomic model reveals local bending of the dsDNA by~30°, creating an angle of 150°between ends (arrow) (E) and large distortions as compared to a linear helical duplex extending from the PAM-proximal end (F).
1 † p97 is a hexameric AAA+ adenosine triphosphatase (ATPase) that is an attractive target for cancer drug development. We report cryo-electron microscopy (cryo-EM) structures for adenosine diphosphate (ADP)-bound, full-length, hexameric wild-type p97 in the presence and absence of an allosteric inhibitor at resolutions of 2.3 and 2.4 angstroms, respectively. We also report cryo-EM structures (at resolutions of~3.3, 3.2, and 3.3 angstroms, respectively) for three distinct, coexisting functional states of p97 with occupancies of zero, one, or two molecules of adenosine 5′-O-(3-thiotriphosphate) (ATPgS) per protomer. A large corkscrew-like change in molecular architecture, coupled with upward displacement of the N-terminal domain, is observed only when ATPgS is bound to both the D1 and D2 domains of the protomer. These cryo-EM structures establish the sequence of nucleotide-driven structural changes in p97 at atomic resolution. They also enable elucidation of the binding mode of an allosteric small-molecule inhibitor to p97 and illustrate how inhibitor binding at the interface between the D1 and D2 domains prevents propagation of the conformational changes necessary for p97 function.
T he superfamily of AAA+ proteins (ATPases associated with diverse cellular activities) consists of molecular chaperones that serve major roles in cellular protein quality control; DNA replication, transcription, recombination, and repair; membrane fusion; movement of intracellular cargo; and cell cycle regulation (1, 2). These oligomeric ring-like enzymes, which typically form hexamers, contain common functional features including one or more conserved AAA+ ATPase cassettes in each protomer. These cassettes bind and hydrolyze ATP at the interface between adjacent subunits. The acquired energy from binding and catalysis of nucleotides induces a series of conformational changes to enable these enzymes to modulate their substrates. p97, a well-characterized member of this protein family, binds multiple proteins including deubiquitylating enzymes as well as ubiquitin-binding adaptors and ligases (3) (4) (5) (6) (7) . The central role that p97 plays in protein quality control makes it an attractive target for cancer chemotherapy, as disruption of both of these processes hinders cancer cell survival (8) . Up-regulation of p97 expression in cancer cells supports this premise (9) , as do reports of numerous structurally diverse inhibitor types (10) (11) (12) (13) (14) , including a potent inhibitor that entered a phase I clinical trial in 2015 (15) .
Structurally, each p97 protomer has a predicted molecular weight of~90 kDa and comprises an N-terminal domain (henceforth N domain), two tandem ATPase domains (designated D1 and D2) that pack as hexameric rings, and a short C-terminal domain. Structural studies of full-length p97 by x-ray crystallography have so far been limited to medium resolution (3.5 Å to 4.7 Å) (16), although higher-resolution structures of subcomplexes that contain D1 and the N domain or the D2 domain have revealed further architectural insights in these regions of the protein (16) (17) (18) (19) (20) . Determination of the atomic-resolution structure of native, full-length p97 in different conformational states and in complex with inhibitors is therefore of considerable biological and clinical interest.
Using cryo-EM, we first performed structural analysis of p97 without addition of exogenous nucleotides. This structure, determined at an overall resolution of 2.4 Å, shows the expected architecture of the hexameric complex ( fig. S1 , A and B). ADP occupies both the D1 and D2 domain nucleotide-binding pockets ( fig. S1, C and  D) . Analysis of the conformational variants that emerge during three-dimensional classification suggests that subtle conformational heterogeneity in the ADP-bound D2 hexamer ( fig. S2 ) is a likely reason for the lower resolutions achieved in x-ray crystallographic analyses of full-length p97. Overall, the cryo-EM-derived structure of the D2 domain in the full-length hexamer is comparable to that determined for full-length p97 at 3.5 Å by x-ray crystallography, except for some differences in the relative disposition of the N domain (16) and better definition of the C-terminal a-helical subdomain that spans amino acid residues 645 to 763.
